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In this paper, we aim to provide optimal parameters for micro-computed tomography
scans of fish otoliths. We tested fifteen different combinations to sagittae. The images
were scaled to Hounsfield units, and segmented in two distinct volumes-of-interest
(external and internal). The strategy we applied, for identifying optimum scan settings
for otoliths, included analyses of the sinogram, the distribution of the Hounsfield units
and the signal-to-noise ratio. Based on these tests, the optimum sets of parameters for
the acquisition of tomographic images of sagittal otoilths were 80 kV, 220 µA, and 0.5
mm aluminum filter. The method allowed 3D shape analysis, internal and external density
distribution, layer-by-layer density segmentation, and a potential objective method to
count growth rings in otoliths. It was possible to compare mean densities between
species, and we observed a significant difference among them. In addition, there are
ontogenic changes, which could be increasing or decreasing the density. In this study,
we applied tomography for several otolith analysis, that could be of great interest for
future studies in diverse areas that use otoliths as the basic structure of analysis, or
represents a new research line called eco-densitometry of otoliths, where tomography
could be applied to explore the density within an ecological perspective.
Keywords: eco-densitometry, fishery biology, Hounsfield units, Meshlab, radiodensity, 3D otoliths
1. INTRODUCTION
Over recent years, x-ray computed tomography (CT) has evolved from an exclusive tool of
medicine into a widely accepted technique for analyzing the internal structure of objects in a
non-destructive way (Schoepf and Costello, 2004; Budoff and Shinbane, 2016; Jalaguier-Coudray
et al., 2016). The ability to quantify the distribution of the internal radiodensity of samples has
found applications in many fields, including material engineering (Velichko et al., 2007), biology
(including in vivo research) (Postnov et al., 2002, 2003; Fürst et al., 2008; Lowe et al., 2013), soil
science (Taina et al., 2008), and archeology (Noever et al., 2015).
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A micro-computed tomography (micro-CT) scan involves
digitally reconstructing a set of projections formed by the
transmitted x-ray beam through the sample (Kak and Slaney,
2001). These projections are two-dimensional images with
micrometric pixel resolution, and the gray-scale of the pixels
reflects the mean of the attenuation coefficient of the material,
caused by the scattering and/or absorption of photons due
to interactions with the object (Grodstein, 1957). Therefore,
materials with greater density generally present greater
attenuation and the representative pixel is closer to white,
by convention.
The instrumental parameters, notably x-ray tube voltage (kV),
current (µA) and beam filtering are fundamental for proper
image acquisition. In conventional tomography, during the
photons production, the X-ray beam contains different energy
values. This spectrum of values is called poly-energetic beam
and this energy variation leads to an error in the attenuation
coefficients. Then, filters are used to reduce this error, blocking
the emission of photons of less energy. Low voltages generate
low energy photons, which may not penetrate the object,
while high voltages result in images with low contrast. Electric
current controls the number of photons produced, while an
increased number of photons produces an enormous amount
of information catches by a detector. Thus, finding an optimal
combination of these parameters is a process required for each
type of structure (Kak and Slaney, 2001; Hsieh, 2009).
Computed tomography is one of the emerging techniques
with perhaps the greatest potential for the study of fish otoliths
(Starrs et al., 2014), which are calcified structures found in the
inner ear of bony fish, responsible for hearing and balance
(Popper and Fay, 1993). These structures are used in studies
regarding age, migration, population structure, phylogeny,
feeding ecology, and life histories, constituting an important
tool in diverse fields of ichthyology and fishery science (Panfili
et al., 2002; Duarte-Neto et al., 2008; Green et al., 2009). The
pioneering approach presented three-dimensional (3D) images
of the otoliths from the Atlantic Cod (Gadus morhua), by Hamrin
et al. (1999), demonstrating the promising use of such images in
the identification of stocks based on otolith shape. Subsequently,
the Fish Ageing by Otolith Shape Analysis (FAbOSA) group
have tried to improve the procedure using prolonged exposure,
ionic solution and different organic solvents (Arneri et al., 2002),
however, they have not found any internal structures.
Several possibilities arised from the potential use of micro-CT
analysis for otoliths. Yan et al. (2009) tried to relate otolith CT
values to different water pollution degrees. Browning et al. (2012)
also used CT to analyze morphology changes as consequence
of a stressful condition in Red Drum (Sciaenops ocellatus) and
Bignami et al. (2013) to see how ocean acidification influence
on Cobia (Rachycentron canadum) otoliths. More recently,
Mapp et al. (2016) used a non-conventional tomography, the
synchrotron radiation, to render an otolith of Plaice (Pleuronectes
platessa) and shown growth rings.
Although the use of CT on otoliths dated back from the late
1990s, general advances in this field are more recent. Those
were due to advances in instrumentation, which resulted in a
significant improvement in spatial resolution and the capability
of generating images with voxel sizes of three µm. This allows
observing tiny details, such as annual growth structures with a
thickness of about 20 µm (Jenkins, 1990; Waldron and Kerstan,
2001; Santana et al., 2006; Lessa et al., 2008).
Though many of these studies (except for FAbOSA)
have succeeded in their objectives, they do not present the
methodological aspects behind this new experimental procedure,
which may be considered a relatively costly time and expensive
technique, mainly the one used by Mapp et al. (2016). In the
present work, we describe a protocol developed for the optimal
acquisition of conventional micro-CT images of sagittal otoliths,
considering different species and a spectrum of CT parameters.
We then explored several applicabilities of this new procedure
and discuss their advantages.








AS02 A. solandri 159 TL 5.53* 6770.03 ± 910.66 8
AS11 A. solandri 139.7 TL 2.89* 6667.82 ± 950.87 7
AS12 A. solandri 142.3 TL 3.13* 6854.89 ± 937.57 7
AS1294 A. solandri 155 TL 4.73* 6735.74 ± 972.63 8
AS17 A. solandri 131 TL 2.23* 6810.47 ± 1030.96 7
AS28 A. solandri 151 TL 4.11* 6743.12 ± 930.96 7
AS35 A. solandri 118 TL 1.47* 6752.87 ± 1053.92 6
AC36 A. coeruleus 10.9 TL 1 8584.08 ± 954.49 3
AC37 A. coeruleus 24 TL 5 7817.11 ± 982.37 3
AC38 A. coeruleus 22 TL 4 7830.75 ± 984.98 3
AC39 A. coeruleus 24.9 TL 4 7850.02 ± 1006.73 3
AC40 A. coeruleus 26.2 TL 4 7747.89 ± 1003.95 3
AC41 A. coeruleus 25.8 TL 6 7615.58 ± 965.14 3
AC42 A. coeruleus 32 TL 15 7441.57 ± 1026.62 5
AC43 A. coeruleus 30.1 TL 8 7593.43 ± 959.9 5
HP09 H. plumierii 32.5 TL 20 8287.79 ± 1016.93 8
HP118 H. plumierii 26.6 TL 14 8149.19 ± 1008.72 6
HP150 H. plumierii 18.3 TL 8 7914.35 ± 875.31 3
OO132 O. oglinum 18.9 SL 0.73* 8609.35 ± 923.45 3
OO134 O. oglinum 14.8 SL 0.52* 8534.63 ± 971.38 3
OO279 O. oglinum 18 SL 0.68* 8551.46 ± 933.31 3
TA22 T. albacares 119 FL 3* 8555.16 ± 1455.08 11
TA119 T. albacares 120 FL 3* 8460.58 ± 1272.79 13
TO55 T. obesus 105.8 FL 3.22* 6686.81 ± 951.39 10
TO70 T. obesus 142.7 FL 5.59* 6659.76 ± 863.66 10
TO77 T. obesus 127.3 FL 4.49* 6536.35 ± 882.73 10
TO78 T. obesus 157.3 FL 6.85* 6438.39 ± 879.18 11
TO79 T. obesus 128.7 FL 4.58* 6517.55 ± 933.39 10
TO83 T. obesus 138.7 FL 5.29* 6497.41 ± 879.96 10
TO89 T. obesus 105.6 FL 3.21* 6780.36 ± 958.21 9
*Estimated ages from the already published growth curves (Stéquert et al., 1996; Lessa
et al., 2008; McBride et al., 2008; Duarte-Neto et al., 2012). TL, Total length; FL, Fork
length; SL, Standard length; HU, Hounsfield units (mean ± standard deviation).
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2. MATERIALS AND METHODS
2.1. Imaging
Thirty left sagittae from six species were investigated: seven from
Acanthocybium solandri (Cuvier, 1829); eight from Acanthurus
coeruleus (Bloch and Schneider, 1801); three from Haemulon
plumierii (Lacepéde, 1801); three from Opisthonema oglinum
(Lesueur, 1818); two from Thunnus albacares (Bonnaterre, 1788);
and seven from T. obesus (Lowe, 1839) (Table 1). We choose
these species to include a wide range of patterns of habitats,
biological parameters, taxonomic groups and age-class.
The otoliths were embedded in a styrofoam cube
(Figures 1A,B) and scanned vertically in a Nikon Metrology
model XT H 225 ST scanner (Figure 1C), maintained by the
X-ray Computed Tomography Laboratory of the Department
of Nuclear Energy, Federal University of Pernambuco, Brazil.
The larger axis was placed perpendicular to the support base
(Figure 1A) to minimize the Feret diameter and consequently
to maximize the resolution of the resulting volume, yielding
an isotropic image resolution. This procedure is important
to increase the richness of detail and information and,
consequently, each image has a voxel size that optimizes
the acquisition, respecting the size of the otolith.
We varied the voltage from 60 to 100 kV in steps of 10
kV, with maximum electrical current based on the voltage vs.
current relationship that always reaches 50,000 detected photons
in 500 ms (Figure 1D). We executed this process with three
aluminum filters of 0.5, 1.0, and 1.5 mm thickness, generating
fifteen different scans.
2.2. Calibration, Segmentation, and
Analysis
An otolith scanned with different parameter settings, will result
in imagery with different apparent attenuation coefficient values.
We converted these coefficients to an arbitrary scale called the
Hounsfield scale, where its measure is the Hounsfield unit (HU),
where the air is zero HU, and distilled water is 1000 HU,





where µx and µwater are the linear attenuation coefficients
of the material and water, respectively. This transformation is
necessary to represent the radiodensity in a dimensionless scale
for purposes of comparisons with other studies (Buzug, 2008).
Four specific analyses were performed to diagnose the
parameters. First, histograms of the sinograms were computed.
The sinogram is a graph that compiles of all projections, taken
at different angles in a single image. Thus, the distribution of
the detected photons allows to analyze the saturation of the CT
detector; only values in the interval of 0.2 and 0.8 were considered
as appropriate. Second, the reconstructed volumes have been
segmented into two volumes-of-interest. We labeled the voxels
as the inner region and exterior shell. We then smoothed
and removed disconnected regions from the initial volumes-
of-interest using 3D morphological operations and registered
the smoothed volumes-of-interest to all remaining scans of the
same otolith. At the end of this process, the histograms of the
interior and exterior volumes of interest have been computed to
analyze the possible overlap between them. Third, we computed
statistical measures: the contrast of the signal as the standard
deviation of the inner region σin and the magnitude of the noise
as the standard deviation on a homogenous void region outside
the otolith σout , composed by air or the styrofoam fixture. The
signal-to-noise ratio (SNR) compares the object signal to the
background noise within an image and reads SNR = σin / σout . A
final post-hoc analysis was performed after finding the optimum
parameter set and was conducted to determine the feasibility of
detecting the expected yearly growth rings.
For the 3D visualization, an R script was first written to extract
the contour pixel of the otolith from each 2D projection. Based
on these x, y and z coordinates of each pixel, the color scaled
reconstruction and iterative 3D visualization of otolith images
was carried out using MeshLab software (Cignoni et al., 2008).
Descriptive statistics of the image density were estimated and
five lines were drawn starting from the nucleus toward the edge,
following the reading axes indicated in previous age and growth
studies of each species using R language (R Core Team, 2018).
Each row was smoothed using a five-point moving average.
After the smoothing, the means of these lines were plotted to
verify the alternation of densities relative to the formation of the
growth rings.
We evaluated the possible correlation between the mean
radiodensity of each otolith and the respective fish length, using
simple linear correlation analysis, in order to detect ontogenetic
trends for each species. The mean values of HU among species
were also compared using the Kruskal-Wallis test followed by
Dunn’s post-hoc. All statistical analyses were performed in R, with
a significance level of 0.05.
3. RESULTS AND DISCUSSION
3.1. Protocol for the Optimal Acquisition
All sets of parameters resulted in high-quality external imagery
with varying tonalities. It was possible to discern external
structures such as the sulcus acusticus, ostium, rostrum, cauda and
excisura, as well as the fluctuations of the margins and the depth
of the sulcus acusticus (Figures 2, 3). Finally, 3D imagery enables
analysis of the whole otolith surface, curvature between faces and
the deepness of sulcus acusticus.
In Figure 4A, the black curves represent the exterior volume
and the gray curves represent the interior volume. These curves
overlapped in the scans with voltages of 60 kV, 100 kV and
filter of 1.5 mm aluminum. Therefore, these parameters were not
considered suitable from this point of view. However, analysis
of the signal-to-noise ratio showed that the combination of 60
kV and 0.5 mm aluminum filter yields a better relationship
between real signal and noise, in contrast with higher voltages
or thicker filters (Table 2). Thus, we did not discard the possible
use of 60 kV, however, 70 and 80 kV with 0.5 mm filter were
considered the most appropriate parameters since they presented
good results in all analysis. Both satisfy the Rose criterion
(Rose, 1948), that classifies images with SNR > 5 as adequate.
The sinogram analysis confirms the quality of the choice of
parameters (Figure 4B), i.e., the detector did not saturate for any
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FIGURE 1 | Procedure of tomographic images acquisition of sagittae. (A) Sagittal otolith of Haemulon plumierii vertically positioned in a styrofoam cube. Scalebar =
10 mm. (B) Tomographic image of respective otolith in grayscale after acquisition. Scale bar = 1 mm. (C) Otolith on base support previous scanning. (D) Relationship
of voltage and current supported by machine for three filters used (0.5, 1.0, 1.5 mm).
FIGURE 2 | Tomographic imagery of the external and inner face of the sagittal otoliths of (A) Acanthocybium solandri, (B) Thunnus albacares, and (C) Thunnus
obesus using Meshlab, where in red are denser regions and in blue the surfaces of lower density values.
of the configurations. More precisely, lower voltage yields lower
density contrast.
Combining these factors, the best images were achieved with
medium voltages (70 and 80 kV) and a 0.5 mm aluminum filter.
The worst images were achieved when using a 1.5 mm aluminum
filter, as it was either not possible to capture information
on density or artifacts were formed. The term artifact here
refers to any systematic discrepancy between CT numbers in a
reconstructed image, and the true attenuation coefficients of the
object (Barrett and Keat, 2004).
FAbOSA group, in 2000, also used 80 kV and aluminum
filter, but they obtained lower resolution and noisier images,
possibly due to an outdated machine and lack of necessary
computational power. Consequently, it was not possible to
observe the growth rings. More recently, Yan et al. (2009)
used a high voltage (130 kV) and low current (30 µA),
where higher photon energies penetrated the otolith and no
information on density was captured. Mapp et al. (2016) using
monochromatic X-ray with 53 kV and no filter, rendered
3D imagery highlighting the growth rings. Although those
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FIGURE 3 | Tomographic imagery of the external and inner face of the sagittal otoliths of (A) Acanthurus coeruleus, (B) Haemulon plumierii, and (C) Opisthonema
oglinum using Meshlab, where in red are denser regions and in blue the surfaces of lower density values.
FIGURE 4 | Diagnostic graphs of optimum set micro-CT parameters evaluation. (A) Mosaic of histograms used to segment inner part (gray curve) from external part
(black curve). (B) Example of detector response for the parameter set 80 kV with 0.5 mm aluminum filter for Haemulon plumierii.
authors considered that the objective proposed was reached,
they reported some artifacts and did not experiment with other
tomography settings. To reduce artifacts and improve SNR,
therefore, our results suggested inner structures as a function
of density are better visualized using the following parameters:
80 kV, 220 µA and 0.5 mm aluminum filter. From this, all the
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following procedures were conducted on samples imaged using
only this configuration. It is important to emphasize that these
set parameters are optimal for this micro-CT device model. The
current would be unique to our configuration and the voltage and
filtering are critical, and would be relevant to any instrument.
Also, after calibration to Hounsfield unit scale, it is perfectly
possible to compare values between machines, samples material
or parameters.
TABLE 2 | Signal-to-noise ratio (mean ± standard deviation) of sagittal otoliths.
Filters (mm)
Voltages (kV) 0.5 1 1.5
60 9.50 ± 3.80 7.59 ± 2.65 6.44 ± 2.35
70 8.11 ± 3.39 7.13 ± 2.70 5.80 ± 2.04
80 7.46 ± 4.55 6.25 ± 2.47 5.17 ± 1.84
90 6.54 ± 3.80 5.47 ± 2.08 4.33 ± 1.78
100 5.43 ± 3.60 4.70 ± 1.78 4.01 ± 1.71
3.2. Exploring Otolith Density Variation
Micro-CT imagery can provide shape, density distribution and
structures of the otolith. The present investigation is the first
study to present tomography images of entire otoliths with a
discernible of internal and external density distributions using a
conventional micro-CT. Using the correct set of parameters and
appropriate voxel size (resolution), one can correctly represent
the mean attenuation coefficient of the otolith material and
obtain rich details regarding density.
The linear attenuation coefficients were converted in
Hounsfield units (HU), with the minimum value of 2,941.94
for T. obesus and the maximum of 11,839 for T. albacares, but
the highest mean radiodensity was 8,609.35 HU for O. oglinum
(Table 1). Yan et al. (2009) found an HU between 2,500 and
4,600 for asteriscus and lapillus of the carp otolith, respectively.
Mapp et al. (2016) and FAbOSA group (2002) did not present
HU values. Nevertheless, other calcified structures are out of this
range, e.g., scallop shells (744 HU) (Diez et al., 2013) and ureteral
stone (1,350 HU) (Hameed et al., 2013).
The density is one of the relevant properties to the functional
role of otoliths, and it is defined by the modifications of
FIGURE 5 | Correlation analysis between the mean radiodensity of otoliths and fish length. (A) Acanthocybium solandri; (B) Acanthurus coeruleus; (C) Haemulon
plumierii; (D) Opisthonema oglinum; and (E) Thunnus obesus.
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TABLE 3 | Paired comparison of radiodensities of otoliths by species using
Kruskal-Wallis (Kruskal-Wallis = 25,403, df = 5, p-value < 0.05) followed by
post-hoc Dunn test.
Comparison Z p-valor
AC - AS 2.03 0.04
AC - HP −0.61 0.54
AS - HP −2.12 0.03
AC - OO −1.39 0.16
AS - OO −2.88 0.00
HP - OO −0.65 0.52
AC - TA −1.02 0.31
AS - TA −2.32 0.02
HP - TA −0.44 0.66
OO - TA 0.15 0.88
AC - TO 3.19 0.00
AS - TO 1.12 0.26
HP - TO 2.99 0.00
OO - TO 3.75 0.00
TA - TO 3.07 0.00
AS, A. solandri; AC, A. coeruleus; HP, H. plumierii; OO, O. oglinum; TA, T. albacares; TO,
T. obesus. Z, Dunn’s test statistic and its respective p-value.
the crystalline forms of calcium carbonate (CaCO3) (Schulz-
Mirbach et al., 2019). Saccular otoliths are composed by aragonite
(Carlström, 1963; Schulz-Mirbach et al., 2019), with a density
equal to 2.93 g/cm3. There are other forms with different densities
and as well could be found in otolith: calcite, with rhombohedral
crystals, which characterizes its density (2.71 g/cm3) and higher
stability (Lippmann, 1973); and vaterite (2.56 g/cm3), which
presents a hexagonal crystal, less stable and, consequently,
more scarce in nature (Northwood and Lewis, 1968). Thus, the
chemical proportion between those polymorphs could lead to
distinct Hounsfield units, and, then, different values for asteriscus
and lapillus. However, the values presented by Yan et al. (2009)
seems to be reasonable and consistent for these structures.
The distribution of otolith radiodensity can be visualized
using the linear conversion of the attenuation coefficient on
RGB scale, in which blue corresponds to lowest density regions
and red corresponds to regions of higher density (Figures 2,
3). Externally, the deeper region of the sulcus acusticus exhibits
the lowest densities, increasing toward the surface in all species.
Gauldie and Nelson (1990) also describe this pattern for other
species, suggesting that contact with hair cells and the macula
causes a reduction in the calcium deposition rate in this region.
A strong correlation between radiodensity and fish length was
observed (Figure 5). However, there is not a unique pattern: a
linear and positive correlation for H. plumierii and O. oglinum,
a linear and negative correlation for A. coeruleus and T. obesus,
and non-linear correlation for O. oglinum, which is considered
a fast-growing and short-lived species (Lessa et al., 2008). No
correlation was observed for A. solandri. This could be related
to the fact that all individuals in this sample have reached
the stationary growth phase, or two linear patterns could exist
related to different sexes. McBride et al. (2008) suggested a
difference in growth between males and females for this species.
FIGURE 6 | Comparison of the average radiodensities of the otoliths of the
studied species. AS, A. solandri; AC, A. coeruleus; HP, H. plumierii; OO, O.
oglinum; TA, T. albacares; TO, T. obesus. The elements of the box plot
correspond to median, interquartile range (IQR) and upper and lower
extremes (± 1.5IQR).
Unfortunately, we do not have information on sex definition to
evaluate the second hypothesis.
There was a significant difference among mean radiodensities
of studied species (Table 3), Dunn’s post-hoc pointed out that
T. obesus and A. solandri had Hounsfield units different
from the other species (Figure 6). Both belong to the
Scombridae family but from a different genus. Further,
although they also belonged to the same genus Thunnus,
the T. albacares otoliths had radiodensities greater than
T. obesus, which in turn showed to be very similar to A.
solandri (same family). Since these two tuna species are very
close species, including their behaviors, we were expecting
to find very similar results. Perhaps, the radiodensity of
otoliths is not a phylogenetic response. An outlier was
observed for A. coeruleus which can be explained by the
age difference between this individual (AC36, 1-year-old) and
the others (> 4 years).
Internally, empty cavities were observed for tuna otoliths
(both species) (Figure 7). In some cases, it seems like a tunnel
with an entrance but no exit and in other cases, there is no
connection to the surface. These empty spaces are likely encased
during the calcification process and, probably, are filled by
endolymph. In addition, they reduce the otolith mass. However,
whether their occurrence represents just a random process, or
there is any related functional, or ecological reason needs to
be clarified.
It was possible to extract a cross-section of the otolith (as
usually done in age and growth studies using a metallographic
saw) and observe the variation in density from the core
toward the edges (Figure 8). The otolith formation consists
of an alternation of the concentric bands of L- and D-
zones, for mineral- and matrix-rich layers, respectively, which
appear light and dark when viewed under transmitted light
(Wainwrigth, 1963). Green et al. (2009) defined that the
mineral-rich zone is denser than the mineral-deficient region.
Thus, in Figure 8 case, as we use transmitted light, the
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FIGURE 7 | A sequence of images along the z-axis, illustrating the opening and closing of internal spaces found in individuals of Thunnus albacares and T. obesus.
The black arrows indicate the regions where these processes occurred.
FIGURE 8 | Medium radiodensity (continuous black line) of the five lines drawn
from the nucleus (red point) to the edge of the otolith, simulating the reading
axis of Acanthurus coeruleus. The figure is composed by overlapping the
photograph of the sectioned blade with a metallographic saw and its
respective digital representation made by micro-computed tomography, where
the highest values of radiodensity are represented in red and the smallest in
blue. The vertical and dashed lines correspond to the observed growth rings
and indicate their respective Hounsfield unit valleys. This image correspond to
individual AC43 (see Table 1) with eight rings counted using a microscope and
transmitted light.
FIGURE 9 | Average radiodensities of the five lines, simulating the reading axis
of Acanthurus coeruleus. The numbers at the end of the curves refer to the
observed ages (years).
dashed lines indicate the end of dark bands (D-zones),
where protein is more abundant and, consequently, less
dense (valley).
FIGURE 10 | Average radiodensities of the five lines, simulating the reading
axis of Haemulon plumierii. The numbers at the end of the curves refer to the
observed ages (years).
The sections closest to the nucleus were selected, where
five lines were traced from the nucleus to the edge of the
otolith simulating reading axes used in age and growth studies
(Figure 8). The same procedure was replicated for all otoliths
and, in particular, A. coeruleus (Figure 9) and H. plumierii
(Figure 10) showed a decrease in HU values with the aging
of the animals. In addition, the three samples AC38, AC39,
and AC40, which are the same age, exhibited similar behavior
among themselves (Figure 9). The same was found for the two
samples of T. obesus (3 years old) and the specimens of T.
albacares (3 years old).
In Figure 10, it was observed that the curves showed the same
behavior in the initial phase between 0 and 200 µm. In this
specific section, it is possible to observe the effect of voxel size
differences. TheHP09 sample had a resolution equal to 8µmand,
therefore, could not capture the variation on the same scale as
the other images (HP118 and HP150). Furthermore, it has been
found that there is no effect of voxel size on the displacement of
the curves since six images of A. coeruleus that have a resolution
equal to 3 µm showed the same pattern, as well as those with
resolution equal to 5 µm (Figure 9). Actually, the reason for the
displacements is attributed to ontogenetic variations.
The three O. oglinum specimens presented the same pattern
(Figure 11) with coincident peaks and valleys since their
estimated ages were less than 1 year. In addition, the region
between 0 and 150 µm showed great variation. This corroborates
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FIGURE 11 | Average radiodensities of the five lines, simulating the reading axis of O. oglinum. The estimated ages for the three samples were less than 1 year and
similar behavior was observed for both curves of mean Hounsfield units. The vertical, gray and continuous line indicates the core distance of 150 µm, where the
authors of the present study related to the change in growth phase explained by Lessa et al. (2008). The inset depicts a sectioned otolith of O. oglinum photographed
with a scanning electron microscope, showing the growth rings. The two dashed lines indicate the two phases described by Lessa et al. (2008).
the study by Lessa et al. (2008), where it was possible to
measure the thickness of the micro-increments (daily) and
observed the occurrence of two zones with distinct patterns,
as shown in Figure 11. In the paper, the authors associated
the first zone to marks of life history events at beginning
of fish life, such as the opening of the mouth, migration,
and settlement. It reinforces the idea that the radiodensity
fluctuations observed in the present work could also be
associated with the occurrence of growth marks represented by
these events.
These results indicate that the number of peaks and valleys
is related to the micro or macrostructures, which could be
related to age or life history events. Besides, it is important
to emphasize that, in the future, this procedure could be
made automatic, removing the inter-rater error omnipresent
in the conventional approach. Using the difference between
them, we could segment layer-by-layer reconstructing thus the
previous form, therefore “peeling” the otolith. In addition,
Limburg and Elfman (2017) mapped the trace elements and
they found composition variations due to differences in
crystallization, growth or other factors. Such heterogeneity
influence the radiodensity. So, the combination of these
methods would provide a better ecological inference of otolith
density variations.
During otolith formation, the core (otolith nucleus) is the
first part to be formed and has the lowest density due to
its chemical composition made primarily by glycoproteins
(Sasagawa and Mugiya, 1996) and other organic material
(Fermin et al., 1998; Borelli et al., 2001; Pisam et al., 2002).
In age and growth studies, knowing the position of the otolith
nucleus and type of cut used (cross-sectional or longitudinal)
is fundamental.
In the current work, we described a protocol that can be
applied for otoliths of a wide range of species, with a detailed yet
non-destructive procedure that fully preserves samples for other
uses. The determination of voxel size and machine resolution
are important first steps that were achieved in our study. With
high-resolution instrumentation, it will be truly possible to
distinguish features such as overlapping growth bands in the edge
of otoliths of older individuals, which often result in longevity
underestimation. Finally, in extreme cases, where a unique
sample is available, as deep-sea fishes and critically endangered
species, non-destructive methods are the best alternative.
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